The indoor radio channels at 15 GHz are investigated based on measurements. The large-and small-scale fading behaviors as well as the delay dispersion characteristics are discussed. It is found that the large-scale fading, Ricean -factor, and delay spread can be described by log-normal distributions. Furthermore, both autocorrelation and cross correlation properties of the above parameters are analyzed and modeled. These parameters characterize fading and delay behaviors as well as their mutual dependency and can be used as empirical values for future wireless system design and simulation in 15 GHz short-range indoor channels.
Introduction
As the demand for cellular data has been growing at a staggering pace, with conservative estimates ranging from 40% to 70% per year [1] , the requirement of larger network capacity as well as greater connectivity will be a huge problem in the future cellular communication system. According to the intermediate description of the spectrum needs and usage principles of Mobile and wireless communications Enablers for the Twenty-twenty Information Society (METIS), one of the spectrum challenges for next-generation (fifth-generation (5G)) mobile systems is to study new bands, in particular by extending the spectrum range for mobile communications to yet rarely used higher frequency bands (above 6 GHz) to support high data rate up to multigigabits per second [2, 3] .
The 15 GHz band is another potential frequency spectrum resource for future network plans, and some 5G trails using the 15 GHz frequency band demonstrate data rates of 10 Gbps [4, 5] . The Radiocommunication Sector of the International Telecommunication Union (ITU-R) provides radio frequency channel arrangements for fixed wireless radiorelay systems operating in the 15 GHz (14.4-15.35 GHz) band [6] . The 15 GHz band is a portion in the microwave range of the 12-18 GHz electromagnetic spectrum, which is the socalled "Ku" band. Ku-band is primarily used for satellite communications, and there are also some mobile applications in this band; for example, see [7, 8] . The first-and second-order narrowband channel statistics, say the Doppler spread, delay spread, time share of connections, and time share of fades for the land mobile satellite channel in different outdoor environments at Ku-band, are presented in [9] .
A better understanding of spatial and temporal characteristics at different frequency bands can be helpful in network planning, especially for the future large-scale multiantenna systems and networks. The spatial and temporal parameters such as Ricean -factor, power delay profile (PDP) statistics, root mean square (RMS) delay spread, and angular spread at higher frequency bands in corridor environments have been studied for many years. For wideband indoor communication applications at higher frequency bands, the so-called millimeter wave (mmW) bands, between 30 and 300 GHz, are being actively studied in recent years [10] [11] [12] [13] . A simple stochastic multipath channel model for the office environments acquired from a wideband channel sounder based on PN sequences for the 60 GHz band is proposed in [14] . At the same spectrum, the statistical results such as RMS delay spread and corresponding tapped delay line (TDL) model are extracted by wideband impulse response measurements of an indoor radio channel [15] . The authors in [16] believe that 11 GHz is a challenging frequency for future mobile systems. The large-scale parameters such as path loss, shadowing, narrowband -factor, delay spread, and coherence bandwidth are presented. As far as the authors know, there is little literature about the propagation characteristics and channel analysis at 15 GHz bands in indoor scenarios. The description of the mutual dependency between the large-scale fading (LSF) and small-scale fading (SSF) as well as spatial and temporal characteristics of this wireless channel (cross correlation properties) is important for the implementation of realistic network level simulators for wideband mobile communication systems in indoor environments [17, 18] . The correlation properties for indoor propagation channel have been characterized based on wideband measurements [19] [20] [21] [22] [23] . The cross correlation of the LSF and SSF parameters of two separated subchannels, the autocorrelation of the LSF parameters of one single subchannel, and the correlation of the SSF parameters of the PDP for an ultrawideband system have been analyzed in [23] . The authors in [17] proposed that the spatial autocorrelation function of azimuth spread, delay spread, and shadow fading can all be modeled with an exponential decay function in typical urban, bad urban, and suburban environments. It has been widely verified that there exists a correlation between the time delay spread and angular spread in outdoor environments [17] [18] [19] . These conclusions are proposed based on test beds operating at 1.8 GHz, 1.9 GHz, and 5.2 GHz, respectively. As far as the authors know, the joint statistical properties of the fading parameters such as the LSF parameters, Ricean -factor, and RMS delay spread in indoor environments at 15 GHz have not been well addressed in related literature. In this paper, we fill this gap.
The main contributions of this work are summarized as follows:
(1) estimations and analysis of the LSF parameters Ricean -factor and RMS delay spread as well as their cumulative distribution functions (CDFs) and probability distribution functions (PDFs) based on indoor daytime experimental campaigns in the 15 GHz bands, (2) empirical analysis of autocorrelation and cross correlation properties among the LSF, Ricean -factor, and RMS delay spread.
This paper is organized as follows: the measurement campaign is described in Section 2. In Section 3, statistical channel parameters are introduced and extracted from measurement data. The spatial autocorrelation properties as well as cross correlation properties among LSF, Ricean -factor, and RMS delay spread are analyzed in Section 4. A comparison of the joint statistical properties for other frequency bands in the same scenario with our results is presented in Section 5. Section 6 concludes the paper.
Measurement Campaign

Measurement Environment.
Measurements are conducted along two corridors in the Mechanical Engineering Building on the campus of Beijing Jiaotong University, China, as shown in Figure 1 . This is a 10-story building with classrooms and faculty offices. There is an open area on the north side of the building and a concrete building on the south side of the measurement region. The size of the corridor A is 1.90 m × 40.77 m and the ceiling height is 3 m. It has wooden doors with small windows to various rooms, and the walls are constructed from concrete materials, the floor ground is covered by glazed bricks, and the corridor ceiling is made of plastic materials. The transmitter (Tx) is fixed and denoted by the pentacle (see Figure 2) . At the receiver side (Rx), the antenna is moved along a straight line at 25 different locations acting as a single-antenna user, which is denoted as a circle in Figure 2 . In order to achieve spatial averaging, five spatially separated points are measured at each receiver location as suggested in [24] . One received point is at the center of one specific location facing the Tx directly, surrounded by the remaining four points as shown in Figure 3 ; these points are separated by approximately 2 wavelengths. Assuming that the phase of received signal is uniformly distributed, it is reasonable to average out the small-scale fading effect via these five positions. As a reference, the spatial sample separation in indoor channel is no greater than 2 m in the 450 MHz-6 GHz range depending on the time resolution of the measurement equipment and the type of multipath channels [25] . The small-scale sampling avoids large-scale averaging bias in the Figure 2 . As a result, the measurement environment can be divided into three regions due to the variation in these indoor propagation environments. The locations 1-10 fall into the corresponding region I, locations 11-21 lie in region II, and region III includes the rest. Finally, the measurements were conducted during the daytime with no people present in the area. Therefore the channel may be regarded as physically stationary or at least quasi stationary [15] . For the purpose of statistical analysis, we conducted another measurement in corridor B, which has the same size as corridor A; that is, the size of the corridor B is 
Measurement System.
Our measurement system consists of an Anritsu Vector Network Analyzer (VNA) with Spectrum Analyzer MS2038C, high-gain directive antennas OBH08180, cables, connectors, and laptop. The Tx and Rx antennas are connected by long cables as shown in Figure 4 . Calibrations are conducted to remove the attenuation and phase rotation of the connecting cables before every test. The output power of Tx is 0 dBm. The equivalent isotropic radiated power (EIRP) is 13.8 dB. And the range of acceptable input signal to VNA is −110 dBm∼+30 dBm. The VNA equipment guarantees 85 dB dynamic range at the measured band, which ensures that all the significant multipath components can be measured and subsequently resolved. The single-input-single-output (SISO) frequency-domain measurements are performed over a 1 GHz bandwidth and centered at 15 GHz. The time resolution rms is inversely proportional to the sweeping bandwidth BW mea , namely,
which yields 1 ns for a sweep bandwidth of 1 GHz. This should be sufficient to resolve all multipath components of indoor environments at the 15 GHz band. The intermediate frequency (IF) bandwidth of the VNA during the measurement campaign is 1 KHz. IF bandwidth can be reduced to lower the noise floor of the instrument. The data structure consists of the transmission scattering parameter 21 ( ) and phase information, divided into 1024 data points. With 1024 discrete frequency points to sample the channel, the frequency resolution nearly equals 1 MHz. The antennas used in measurements are directional horn antennas with a bandwidth of 1 GHz. The horn antennas, with 13.8 dBi of gain, have 58 ∘ and 42 ∘ elevation (E) and horizon (H) plane 10 dB beamwidth. The use of directive antenna (horn-to-horn) is common at higher frequency band (≥6 GHz) [12] [13] [14] [15] . These high-gain directive horn antennas were adopted in order to overcome the considerable amount of path loss at 15 GHz The height of antenna is set to simulate the communication between two portable devices and it will not vary much for most personal applications. At each position, the channel is measured twice to reduce random error during each measurement as well as the effect of the thermal noise under the assumption of channel stationary. Therefore, 10 measurements of the snapshots have been taken at each location. Via spectrum analyzer measurements, we found no interference present in our corridor environments. As a result, we ignore it in our work. A summary of the measurement parameters is listed in Table 1 .
Analysis of Measurements
Data Preprocessing.
For a time-invariant wideband channel, the channel impulse response (CIR) can be expressed as
where , , and denote the amplitude, phase, and delay of the th multipath component, respectively, denotes the distance between Tx and Rx, and is the total number of multipath components. In the VNA system, the measured transmission scattering parameter 21 ( , ) is the transfer function ( , ) of the radio channel. Therefore, we can get the empirical CIR by performing an inverse fast Fourier transform algorithm (IFFT) of the measured transmission scattering parameter 21 ( , ), as
The mean relative power at each bin of delay is specified by the PDP of the channel, defined as the square magnitude of the CIR:
The PDP can be used to characterize the dispersion of a multipath channel in the delay domain, which is caused by the reflections and scattering in the environment. The PDP can be obtained directly via the VNA measurement data by IFFT; however, it should be further processed to achieve better accuracy. This amounts to removal of "likely noise" components. Therefore, those delay taps in the PDP (i.e., multipath components) with a power below the noise floor plus 6 dB were removed [26] . In order to ensure validity of the estimation for subsequent channel statistical parameters, the PDP should be averaged over a sliding window. It is necessary to have enough samples in the averaging window so that sufficient accuracy of the estimation of the averaged PDP (APDP) can be achieved [27, 28] . Hence the average window is 10, given that we measured the transmission scattering parameter 21 ( , ) twice at each location (five points).
Estimation of the Statistical Channel Parameters
Coherence Bandwidth.
As the separation of frequency within the channel transfer function increases, the fading behavior at one of the frequencies tends to be uncorrelated with respect to the other. This is due to the fact that the electrical path lengths of the multipath components will be significantly different. The correlation between the behaviors at these two frequencies will depend on the time spread caused by the environment (dispersion of path lengths and associated powers). The coherence bandwidth coh can therefore be derived via the frequency correlation function (Δ , ) [29] , which is obtained in practice by the fast Fourier transform (FFT) of the APDPs, as follows:
where Δ is the frequency difference and ( , ) is the original PDP extracted from measurements with distinguishable multipath components. (Δ , ) is calculated for each of the five measured points at a given location, and then the PDPs are averaged in the window to obtain a location-specific frequency correlation function. coh is defined as the smallest value of Δ when the frequency correlation coefficient drops below a certain threshold, say 0.5 [30] (with (0, ) normalized to unity). The frequency correlation function (Δ , ) is calculated at all measurement locations and we average it in time domian, yielding (Δ , ). An example plot of the estimated frequency correlation function at location 15 is depicted in Figure 5 . The distance between Tx and Rx is 18 m.
It is found that over all the measurements, coh varies from 284.9 MHz to 356.2 MHz with a mean value of 305.2 MHz, which is much larger than the frequency resolution of our measurement system. In [31] , the coherence bandwidth measured for 90% of receiver position at 0.5 correlation levels ranges from 327. 204.0 MHz at 62.4 GHz [32] . At that case, the Tx-Rx distance is 18.09 m.
Large-Scale Fading.
In this paper, we use the classical log-distance linear function to fit the measured path loss. Thus, the averaged path loss in dB units can be represented as follows:
where is the path loss exponent, PL( 0 ) and 0 denote the reference path loss and the reference distance, respectively. The averaged path loss at every location is computed using the mean value of the amplitude of the APDPs. For indoor scenarios, 0 is typically fixed to 1 m [33, 34] . The large-scale fading component is typically modeled as a zero-mean Gaussian random variable. In our measurements, the power fluctuation is mainly introduced by deviation from the linear fit of received power over a large distance range and the amount of multipath available, although in any non-LOS conditions this variation is attributed to large objects shadowing the receiver [35] . As a consequence, we call this variation the large-scale fading (LSF).
Ricean -Factor.
A Rice distribution is used to describe the SSF characteristics in indoor environments with a strong LOS path for wideband systems [36, 37] . The Rice PDF is
where is the small-scale fading amplitude which is calculated as the amplitude of the transfer function ( , ) after removal of the mean value and 0 [•] is the zero-order modified Bessel function of the first kind. At fixed location, the Ricean -factor is the ratio of the power in the dominant LOS component to that in the noncoherent "scattered" components within the multipath profile, which can be a good indicator of the fading depths. The Ricean -factor can be estimated by a moment-based method proposed in [38] [39] [40] , which is given by , respectively. The estimation of factor is also extracted from the data after application of the sliding window mentioned before to observe the variation of the Riceanfactor against distance.
Delay Spread.
In order to characterize the delay dispersion of a multipath channel, the mean excess delay and RMS delay spread are calculated. The mean excess delay is the first moment of the power delay profile and is defined by [25] 
The RMS delay spread is the second moment of the PDP and takes into account the relative powers of the taps as well as their delays, making it a good indicator of system performance in the presence of time dispersion. It is defined by [41] 
RMS delay spread is a good indicator of the system error rate performance for moderate delay spreads (within one symbol duration). If it is much less than the symbol duration, no significant ISI is encountered and the channel may be approximated as nondispersive. Thus, RMS delay spread serves as a convenient way of comparing different wideband channels [41] .
Statistical Results.
In total, 430,080 wideband PDPs are recorded in 42 locations during the measurement campaign. A snapshot frequency response and PDP obtained from measurements in corridor A after normalization to the calibrated signal at location 15 are shown in Figure 6 . It shows the variation of channel frequency response measured at frequencies between 14.5 GHz and 15.5 GHz at location 15, and the Tx-Rx separation is 18 m. A strong LOS component (around 10 ns) can be observed in Figure 6 . The quasi periodicity seen in the magnitude response in Figure 6 (a) suggests a possible strong reflection in addition to the LOS plus weaker multipath components (i.e., a quasi-two-ray effect). Figure 7 shows the estimated results of Ricean -factor versus distance factor in corridor A and corridor B. It is noted that the total variation of Ricean -factor is not significant, and generally it decreases with the Tx-Rx separation. Riceanfactor of every location in corridor B is larger than the ones in corridor A. It can be explained by the wave guide effect since there is no semi-open space in corridor B and the LOS path contributes more to the received power. Next, the measurement results from delay dispersion parameters are summarized as follows (see Figure 8 ).
(i) Mean excess delay: over the range of measurement, the mean excess delay was found to have a median value of 67.4 ns and 39.5 ns, a maximum value of 191.8 ns and 82.4 ns, and 48.2 ns and 23.2 ns standard deviation for corridor A and corridor B, respectively. It increases linearly with the distance between Tx and Rx, which is similar to the conclusion in [42] .
(ii) RMS delay spread: the static RMS delay is found to have a median value of 75.4 ns and 37.5 ns, a maximum value of 259.3 ns and 120.7 ns, and 71.1 ns and 27.2 ns standard deviation for corridor A and corridor B, respectively. The results versus link distance are illustrated in Figure 8 . It is found that the RMS delay spread approximately increases with the TxRx distance. We also note that the open area leads to a significant increase of the measured RMS delay spread in corridor A.
In order to investigate the statistical distribution of these channel parameters, we use the nonparametric test, that is, Kolmogorov-Smirnov (KS) test with a certain CI to compare the channel parameter sample with a reference probability distribution. The statistic of KS test is defined as the maximum value of the absolute difference between the CDF of the channel parameter and the CDF of the estimated distribution , which can be expressed as [43] 
where sup is the supremum of the set of distances and (•) denotes the CDF of (•). To test the goodness of fit, KS is compared to a threshold th corresponding to a given significance level . Set = 5% in our analysis; then the CI of KS test is 95%. Any fitting distribution for which KS ≥ th is rejected with significance 95%; otherwise, it is accepted with the same level of significance. Table 2 summarizes the KS passing rate of the zero-mean Gaussian fitting distribution for LSF, Ricean-factor, and RMS delay spread in our corridor measurement environments. It is found that a log-normal distribution accurately fits the statistical distributions of LSF, Ricean -factor, and RMS delay spread, which is similar to the results in [17] . The statistical distributions of the LSF ( ), Ricean -factor, and RMS delay spread over the entire set of measurements are shown in Figures 9-11 . Figures 10 and 11 suggest that the Ricean -factor and RMS delay spread can also be described by Gaussian distribution function, but the goodness of fit is inferior to that for LSF. All the statistical distribution parameters of them are listed in Table 3 . 
Correlation Properties
In this section, the spatial autocorrelations as well as the cross correlations among different statistical channel parameters are investigated based on measurements. For simulating a wireless channel, the joint random behaviors among LSF, Ricean -factor, and RMS delay spread are required, as stated in [17] [18] [19] . The authors in [12, 41] show that small-scale fading parameters (such as Ricean -factor) are correlated with the RMS delay spread. However, there is no empirical investigation on the cross correlation properties of channel parameters in an indoor scenario at 15 GHz. In order to investigate the cross correlation properties of RMS delay spread and Ricean -factor, the distance dependency of 10 log 10 ( rms ) and 10 log 10 ( ) should be firstly removed by using a Least-Square (LS) fit, as RMS-LS = 10 log 10 ( RMS ) − ⟨10 log 10 ( RMS )⟩ ,
where ⟨•⟩ operator generates the distance-dependent LS regression model of term (•). The deviations are found to be normally distributed in dB units. The spatial autocorrelation functions of these parameters are shown in Figures 12-14 . The correlation distance is defined where the spatial autocorrelation decreases to −1 . It indicates that the correlation distance of LSF, RMS delay spread, and Ricean -factor are about 3.2, 4.6, and 7 m, respectively. We found that a single exponential decaying function accurately models the spatial autocorrelation function of the LSF; the spatial autocorrelation function of the Ricean -factor can be fitted with a zero-order of first kind Bessel function; and a double exponential decaying function accurately models the spatial autocorrelation function of RMS delay spread. The tunable parameters of fitting functions are obtained by using the LS fit method with 95% confidence bounds. Fitting parameters are summarized in Table 4 . The cross correlation coefficient, , is defined as the Pearson product moment correlation coefficient: where , represent any two parameters of the set {LSF, Ricean -factor, and RMS delay spread} (without distance dependency) and is the number of samples, that is, the number of locations ( = 42). Cross correlation coefficients of these parameters can be found in Table 5 . Note that there is a positive cross correlation between the LSF and RMS delay spread. The RMS delay spread RMS-LS and Ricean -factor LS are observed suggesting that the mechanisms leading to delay dispersion and SSF are also related, although they are not as strongly anticorrelated as the correlation between LSF and SSF. This matches the theoretical predictions reported in [44] , where a proportional function is used to model RMS delay spread with Ricean -factor. It can also be inferred that the LSF and Ricean -factor LS are negatively correlated, indicating that the mechanisms leading to LSF and SSF of channel are related.
Discussion
In this section, some comparisons and heuristic explanations for the measured results are provided.
Results in Open
Literature. For comparison, the correlation parameters in [18] and some standard channel models [45] [46] [47] are summarized in Tables 6 and 7 . It can be concluded that the correlation distances of our 15 GHz indoor measurement tend to be smaller than the results in Table 6 since the size of the spatial stationary region in indoor scenarios is smaller than outdoors; the Ricean -factor may exhibit variations even over small regions, which can be another reason for the variation of Ricean -factor as mentioned in previous section. The cross correlation coefficients in Table 7 tend to be larger than those in our measurement.
Correlation Analysis.
The cross correlation properties among the LSF, RMS delay spread, and Ricean -factor can be explained as follows. Large LSF values are usually associated with an increase of scatterers, which will lead to more multipath components; therefore, the Ricean -factor decreases with the increase of LSF. What is more, it is a reasonable assumption that the shortest delay components have the most power. The distribution of PDPs may be more uniformed with a deeper fading and thus leads to a higher delay spread.
The wave guiding effect may also cause a different behavior of cross correlation properties among statistical parameters between the indoor channel and outdoor channel (and between our indoor corridor and a more "open" office environment of the WINNER case). For corridor measurements, wave guiding effects of the radio wave propagation occur along the corridor at larger values of link distance. At small distances, the reflected wave components are rejected by the directional receiver antenna and the wave guiding effect is not dominant. However, for the large distance region, reflected wave components are close to the LOS path and are received by the receiver antenna. The total received signal is stronger than it should be from free space propagation and the transmitted wave propagates in a guided fashion [20] . Moreover, with the increase of frequency band, contribution of reflected components reduces, and the channel characteristic is getting significantly changed [25] . Therefore, the cross correlation properties among the shadow fading, Riceanfactor, and RMS delay spread will be different compared with the correlation results in [18, [45] [46] [47] .
From a system design viewpoint, these empirical correlation trends also suggest that the potential space and frequency diversity gains are relatively correlated, since a low delay spread results in a high coherence bandwidth (hence a low frequency diversity gain) while low values of delay spread also mean large spatial correlations (hence a low spatial diversity gain).
Summary
In this paper, measurement-based correlation analysis of the 15 GHz indoor wideband channel has been presented. Statistical wideband channel parameters including the LSF standard deviation, Ricean -factor, and delay dispersion were estimated and modeled using log-normal variables. The spatial autocorrelation functions of LSF, Ricean -factor, and RMS delay spread can be described by a single exponential function, a zero-order of Bessel function of first kind, and a double exponential function, respectively. Measurements show that there is stronger negative cross correlation between the Ricean -factor and LSF than that between the Riceanfactor and RMS delay spread. Moreover, the RMS delay spread is slightly positively correlated with LSF. The results are useful for 15 GHz indoor channel simulation and system design.
